The effects of the benzodiazepine 1 (BZ 1 ) receptor agonist SX-3228 were studied in rats (N = 12) implanted for chronic sleep procedures. Administration of 0.5, 1.0 and 2.5 mg/kg SX-3228, sc, to rats 1 h after the beginning of the light phase of the light-dark cycle induced a significant reduction of rapid-eye-movement sleep (REMS) during the third recording hour. Moreover, slow wave sleep (SWS) was increased during the fourth recording hour after the two largest doses of the compound. Administration of 0.5, 1.0 and 2.5 mg/kg SX-3228 one hour after the beginning of the dark period of the light-dark cycle caused a significant and maintained (6-h recording period) reduction of waking (W), whereas SWS and light sleep (LS) were increased. REMS values tended to increase during the entire recording period; however, the increase was statistically significant only for the 1.0 mg/ kg dose during the first recording hour. In addition, a significant and dose-related increase of power density in the delta and the theta regions was found during nonREM sleep (LS and SWS) in the dark period. Our results indicate that SX-3228 is a potent hypnotic when given to the rat during the dark period of the light-dark cycle. Moreover, the sleep induced by SX-3228 during the dark phase closely resembles the physiological sleep of the rat. 
Introduction
Gamma-aminobutyric acid (GABA) is the most important inhibitory transmitter in the central nervous system (CNS). GABA is released from GABAergic neurons and binds to both GABA A and GABA B receptors (1) . The GABA A receptor is a protein that contains specific binding sites for GABA, benzodiazepines (BZD), barbiturates, neurosteroids and convulsants. The interaction of compounds from each of these classes with their respective but distinct modulatory sites on GABA A receptors allosterically regulates GABA-induced chloride currents (2) . Two subclasses of BZD receptors, termed BZ 1 and BZ 2 , are of relevance in regard to a series of compounds with hypnotic properties (3) . Benzodiazepine hypnotics and zopiclone, a non-BZD hypnotic, do not discriminate between these BZ-receptor subtypes. In contrast, zolpidem displays much higher affinity for the BZ 1 than the BZ 2 site. The relative potency of zolpidem, an imidazopyridine hypnotic, to displace [ 3 H]-flunitrazepam from the cerebellum (BZ 1 -site) was 5.5 nM (IC 50 ), while that corresponding to the dentate gyrus (BZ 2 -site) was 400 nM (4) .
A compound with similar selectivity, SX-3228 [6-benzyl-3-(5-methoxy-1,3,4-oxadiazol-2-yl)-5,6,7,8-tetrahydro-1,6-naphtyridin-2 (1H) one], has been shown to bind to BZ receptors, but not to dopamine (D 1 , D 2 ), serotonin (5-HT 1 , 5-HT 2 and 5-HT 3 subtypes), noradrenaline (a 1 , a 2 , ß), GABA or acetylcholine (muscarinic) subtypes. Among the BZ-receptor subtypes, SX-3228 preferentially binds to the BZ 1 receptor (cerebellum: IC 50 = 17 nM). It has very weak affinity for the BZ 2 receptor (spinal cord: IC 50 = 127 nM), and virtually no affinity for the peripheral type BZ receptor (kidney: IC 50 >10.000 nM) (5). Pretreatment with SX-3228 antagonized pentylenetetrazole-induced myoclonic convulsions in mice and rats, decreased locomotor activity in mice, and mitigated attack responses in cynomolgus monkeys. Tolerance did not develop to the antipentylenetetrazole effect of SX-3228 (6) .
Earlier studies with the BZDs midazolam and triazolam, and with zopiclone and zolpidem have demonstrated differences in their pharmacological profiles. Thus, whereas the BZDs and zopiclone are effective in blocking pentylenetetrazole-induced convulsions at very low doses, the sedative and sleep-inducing effect of zolpidem is exerted at doses that are 10-20 times lower than those needed for anticonvulsant or myorelaxant activities (7) . Available evidence suggests that SX-3228 possesses a similar profile (8) .
Attempts have been made to test the effects of drugs with putative hypnotic activity in situations in which sleep is impaired by nonpharmacological or pharmacological procedures. Nonpharmacological models have included the induction of insomnia by environmental changes (the animal is moved to a novel individual cage or is connected for the first time to the recording cables), or by decreasing the duration of the dark period (16-h light:8-h dark) in animals kept previously on a 12-h light:12-h dark cycle (9, 10) . Pharmacological procedures have included the injection of amphetamine or caffeine (11, 12) . All these procedures generate considerable amounts of stress and alter a critical balance between neurotransmitter systems at central sites.
In order to circumvent these limitations, we tested the effects of compound SX-3228 in animals either sleeping ad libitum (light period) or being predominantly awake (dark period). Since the increase in sleep time induced by CNS depressants is inversely related to the baseline values, characterization of SX-3228 during the dark period constitutes an adequate approach to test its hypnotic action.
The present study was designed to quantify the effects of SX-3228 on sleep and waking (W) in the rat. For this purpose, compound SX-3228 was given over a range of doses at the beginning of either the light or the dark phase to rats prepared for chronic sleep recordings.
Material and Methods
Twelve male Wistar rats (School of Medicine Breeding Laboratories, Montevideo, Uruguay) weighing 350-380 g were implanted with Nichrome electrodes (200 µm in diameter) under general anesthesia with 40.0 mg/kg sodium pentobarbital for chronic sleep recordings from the frontal and occipital cortices and from the dorsal neck musculature. The animals were housed individually in a temperature-controlled room (22 ± 1 o C), with food and water provided ad libitum. One group of animals was kept on a 12-h light:12-h dark cycle (lights on at 7.00 a.m. and off at 7.00 p.m.), while the second group was housed on a 12-h dark:12-h light cycle (lights off at 7.00 a.m. and on at 7.00 p.m.).
The period of adjustment of the second group of rats used in our study lasted 4 weeks and was followed by a stable cycle of W and sleep (13) . Both groups of animals were habituated for 4 days to a chamber fitted with slip-rings and cable connectors and to the injection procedure. Thereafter, they were given either a control solution or the drug to be tested.
Experiment 1
We studied the effects of SX-3228 (Dainippon Pharmaceutical, Osaka, Japan) 0.5-2.5 mg/kg in one group of animals (N = 6) during the light phase of the 12-h light:12-h dark cycle, starting 1 h after the beginning of the light period. Polysomnographic recordings were started immediately after control solution or drug administration. Each rat received all four treatments (control, and 0.5, 1.0, 2.5 mg/kg SX-3228).
Experiment 2
We examined the effects of 0.5-2.5 mg/ kg SX-3228 in animals (N = 6) adapted to a 12-h dark:12-h light cycle for 4 weeks, starting 1 h after the beginning of the dark period. Each animal received all four treatments (control, and 0.5, 1.0, 2.5 mg/kg SX-3228).
Procedures
SX-3228 was mixed with a small volume of Tween-80 and suspended in saline. Subcutaneous (sc) injections were given in a final volume of 1.0 ml/kg. All rats were given the corresponding volume of control solution (saline + Tween-80) in the control sessions. Following sc injection, a 6-h sleep recording was started at approximately 8:00 a.m. At least 4 days were allowed to elapse between injections to avoid long-lasting and rebound effects on sleep.
Data analysis
The electrographic activity of 25-s epochs was analyzed in a blind manner and assigned to the following categories based on the waveform: W, light sleep (LS), slow wave sleep (SWS), and rapid-eye-movement sleep (REMS). SWS and REMS latencies were also determined (14) . In the group of animals maintained on a 12-h dark:12-h light cycle, one EEG signal derived from the frontal cortex was filtered, digitized at a sampling of 128 Hz, and saved to an optical disk. A time code was also written every 20 s on both the paper tracing and the disk. Time code-delimited epochs enabled precise correspondence between the visual scoring of sleep recordings and the computer analysis. Epochs containing artifacts in the EEG lead were eliminated from the analysis. Data saved to the optical disk corresponding to non-REMS (LS and SWS) episodes were analyzed off-like in the range of 0.3-30 Hz with PASS PLUSS (Delta Software, St. Louis, MO, USA) spectral analysis software.
Statistical analysis
One-way analysis of variance with multiple measures was used for statistical comparison of three or more samples, with multiple post-hoc comparisons performed with the Newman-Keuls test when ANOVA was significant (P<0.05).
Results
Experiments carried out during the light phase Figure 1 and Table 1 show that administration of 0.5-2.5 mg/kg SX-3228 to rats during the light phase induced a significant reduction of REMS (P<0.05) during the third recording hour. In addition, REMS latency was significantly increased after the highest dose of the BZ 1 agonist and SWS was in- 
Experiments carried out during the dark phase
Control sessions performed during the dark phase showed that the animals remained awake significantly longer and slept less than in control sessions performed during the light phase with the first group of animals. Administration of SX-3228 (0.5-2.5 mg/kg) at the beginning of the dark period significantly and dose-dependently reduced W and increased SWS during the 6-h recording pe-riod (P<0.05-0.01) ( Figure 2) ; however, significant changes during the last recording hour were restricted to the 2.5 mg/kg dose (P<0.01). The quantity of LS also increased significantly during the first, second, fifth and sixth recording hours. REMS values tended to augment during the entire recording period; however, the increase attained significance (P<0.01) only with the 1.0 mg/ kg dose during the first recording hour. As shown in Table 2 , there was an overall decrease of SWS and REMS latencies during the dark phase, which attained significance (P<0.05-0.01) with the two largest doses.
The effect of SX-3228 on EEG power density in nonREMS during the dark phase is shown in Figure 3 . The values are expressed for each frequency band relative to the corresponding value of the control night (= 100%). The spectrum computed for nonREMS (light sleep and slow wave sleep) of the 6-h recording period revealed a significant increase (P<0.05) of power density in the low frequency range (delta = 0.3-3 Hz; theta = 4-6 Hz) after the 2.5 mg/kg dose. Significant changes after the 0.5 and 1.0 mg/ kg dose were restricted to the 1-3 Hz and 0.3-3 Hz band, respectively. Moreover, values corresponding to higher frequencies (alpha = 8-12 Hz; sigma = 12-15 Hz; beta = 23-30 Hz) did not differ significantly from the control levels.
Discussion
Injection of compound SX-3228 at the beginning of the light period increased SWS during the fourth hour after treatment, and suppressed REMS during the third hour of recording. Administration of SX-3228 at the beginning of the dark period gave rise to a significant and maintained (6-h recording period) reduction of W, whereas SWS and LS were augmented. Moreover, SWS and REMS latencies became significantly smaller after injection of the 1.0 or the 2.5 mg/kg dose of the compound. In addition, a significant and dose-dependent increase of power density in the delta and theta regions was found during the administration of SX-3228. On the other hand, the relative EEG power density corresponding to the alpha, sigma and beta bands showed no significant changes.
Thus, the effect of SX-3228 on sleep in animals sleeping ad libitum was modest and short-lived. In contrast, SX-3228 induced a robust and maintained increase of nonREMS in predominantly awake animals. In other words, under our experimental conditions the sleep-inducing and maintaining effects of SX-3228 were mainly evident when the compound was given at the beginning of the dark period.
In the study by Kurumiya et al. (8) in which SX-3228 (0.3-3.0 mg/kg, po) was given to rats during the light period, SWS was increased and LS was reduced during the 12-h recording period. REMS showed an initial decrement (first 4 h) after the highest dose. In addition, SX-3228 (1.0 or 5.0 mg/ kg, po) produced an increase in power in the low frequency band (1-4 Hz). The relatively large amounts of SWS observed by Kurumiya et al. (8) after injection of SX-3228 during the light phase could be due to the limited duration of the habituation period (1 h) of the experimental animals to the recording chamber. Thus, the authors may have induced a nonpharmacological insomnia in their rats.
In cortical recordings of curarized rats, zolpidem induced sleep periods of 10 to 60 min duration with doses in the range of 0.1 to 1.0 mg/kg, ip. Power spectral analysis of the electrocorticogram during zolpidem administration showed a dominant peak in the delta frequency band (1-4 Hz) (15) .
Administration of the BZD hypnotics When given to freely moving rats during the light phase, zolpidem (1.0-3.0 mg/kg, po) failed to alter sleep patterns. At much higher doses (10.0 mg/kg, po), zolpidem significantly increased SWS and delayed the appearance of REMS (16) . As compared to zolpidem, midazolam (10.0 mg/kg, po) also induced an increase of SWS without disrupting REMS. On the other hand, nitrazepam (3.0 mg/kg, po) induced no significant changes in sleep or waking (16, 17) .
Thus, administration of zolpidem to curarized animals, or of compound SX-3228 to freely moving rats during the dark phase increased SWS and energy peaks in the 1-to 4-Hz frequency band, which is typical of physiological sleep (8, 18) . On the other hand, midazolam or triazolam induced the appearance of sleep spindles in the cortical EEG, and a large increase in energy between 12 and 14 Hz when given to freely moving rats. Thus, unlike the sleep induced by BZD, the sleep induced by either zolpidem or SX-3228 closely resembles physiological sleep in the rat.
What are the mechanisms involved in the SX-3228-induced increase of nonREMS and REMS during the dark period of the lightdark cycle? As mentioned before, SX-3228 preferentially binds to BZ 1 receptor and increases GABA-induced chloride currents (2). Gamma-aminobutyric acid is the most important inhibitory transmitter in the CNS, and has been proposed to play an essential role in the generation of nonREMS (19) . In this respect, the GABA A agonist gaboxadol promoted nonREMS and enhanced delta activity in the rat (20) . In addition, the highly selective GABA A agonist muscimol dosedependently increased both nonREMS and REMS and enhanced delta and sigma activity (21) .
Pertinent to our discussion is the reciprocal interaction hypothesis of REMS generation proposed by McCarley and Hobson (22) , which identifies cholinergic neurons in the laterodorsal and pedunculopontine tegmental nuclei as promoting REMS, and their inhibition by serotonergic (5-HT) afferents from the dorsal raphe nucleus (DRN) and noradrenergic afferents from the locus coeruleus (LC). The activity of DRN serotonergic neurons and LC noradrenergic neurons is at its highest during W, it diminishes during SWS and is virtually suppressed when the animal starts REMS (23) . It has been proposed that a GABA input from the reticular formation could inhibit DRN and LC cells during REMS. In this respect, Nitz and Siegel (24,25) described higher GABA levels during REMS compared with W at the DRN and LC site. Reports indicating that direct microinjection of the GABA A receptor agonist muscimol into the DRN increases REMS, whereas microinjection of the GABA A receptor antagonists bicuculline and picrotoxin induce opposite effects, further support the participation of GABA in the inhibition of 5-HT neurons and facilitation of REMS production (24) .
In the past, animal data obtained after administration of BZD hypnotics predicted clinical effects in humans with primary insomnia and insomnia related to anxiety disorders. Thus, it could be worthwhile to test the effect of SX-3228 in patients with difficulty in initiating or maintaining sleep.
